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Abstract: The insertion of a-hydroxy acids into peptide chains provides a convenient means for
investigating the effects of hydrogen bond deletion on polypeptide secondary structures. The crystal
structures of three oligopeptides containing L-lactic acid (Lac) residue have been determined. Peptide 1,
Boc–Val–Ala–Leu–Aib—Val–Lac–Leu–Aib–Val–Ala–Leu–OMe (Boc: tert-butyloxycarbonyl; Aib: a-
aminoisobutyric acid; OMe: methyl ester), and peptide 2, Boc–Val–Ala–Leu–Aib—Val–Lac–Leu–Aib–
Val–Leu–OMe, adopt completely helical conformations in the crystalline state with the Lac(6) residue
comfortably accommodated in the center of a helix. The distance between the O atoms of Leu(3) CO
group and the Lac(6) O (ester) in both the structures is 3.1–3.3 Å. The NMR and CD studies of peptide
1 and its all-amide analogue 4, Boc–Val–Ala–Leu–Aib—Val–Ala–Leu–Aib–Val–Ala–Leu–OMe, provide
firm evidence for a continuous helical conformation in solution in both the cases. In a 14-residue peptide
3, Boc–Val–Ala–Leu–Aib–Val–Ala–Leu–Val–Ala–Leu–Aib–Val–Lac–Leu–OMe, residues Val(1)–Leu-
(10) adopt a helical conformation. Aib(11) is the site of chiral reversal resulting in helix termination by
formation of a Schellman motif. Residues 12–14 adopt nonhelical conformations. The loss of the
hydrogen bond near the C-terminus appears to facilitate the chiral reversal at Aib(11). © 2001 John
Wiley & Sons, Inc.† Biopolymers 59: 276–289, 2001
Keywords: 14-residue peptides; helix reversal; helix termination; Lac contained in helical back-
bone; x-ray crystal structures
INTRODUCTION
Hydrogen bonds are ubiquitous in protein and peptide
structures.1–5 Historically, Pauling’s formulation of
the a-helical and b-sheet structures of polypeptides
was based on the necessity of optimizing interactions
between the CO and the NH groups in peptide back-
bones.6,7 After the experimental observation of
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b-bends in peptide structures,8–10 studies that aimed
to delineate all the stereochemically allowed confor-
mations of a system of a three-linked peptide unit that
possessed a 4 3 1 hydrogen bond were pub-
lished.11,12 Although the importance of hydrogen
bonds as a stabilizing interaction has long been rec-
ognized in chemistry and biology,13 many recent dis-
cussions have centered on the precise contributions
made by the backbone hydrogen bonds to the overall
folded state of proteins.14–16 As an extension of our
studies on peptide helices, we have undertaken the
synthesis and molecular characterization of sequences
which contain appropriately positioned L-lactic acid
(Lac) residues, permitting the insertion of an ester
linkage into a polypeptide chain. The replacement of
a hydrogen-bond donating NH group by an oxygen
atom allows the selective removal of a specific hy-
drogen bond in the lactic acid containing analogue
depsipeptides. Since the ester and the amide groups
are approximately isosteric, no major structural per-
turbations unrelated to the hydrogen bond are ex-
pected17 (Ramachandran conformational energy plots
of L-alanine and L-lactic acid are very similar.18 ) The
introduction of lactic acids and other a-hydroxy acid
analogues of amino acids into peptides has previously
been investigated with respect to b-turn models,19,20
depsipeptide analogues of elastin repeating se-
quences,21 sequential peptide polymers with protected
polar side chains,22,23 and more recently in investi-
gating potential minimal b-hairpins.24–26 a-Hydroxy
acids have been introduced using the procedures de-
veloped for unnatural amino acid mutagenesis27 into
the proteins staphylococcal nuclease28,29 and T4 ly-
sozyme30 in order to estimate hydrogen bond contri-
butions to b-turn, b-sheet, and a-helix stability. Semi-
synthesis of a bovine pancreatic trypsin inhibitor
(BPTI) analogue containing an ester bond in the back-
bone has been achieved.31 Total chemical synthesis
has been used to engineer ester linkages into the
turkey ovomucoid third domain protease inhibitor in
order to probe intermolecular main chain hydrogen
bonding in serine proteinase–inhibitor complexes.32
In the present study, we describe the structural char-
acterization of peptide helices in which a single L-Lac
residue has been positioned at the center of the helix
or near the C-terminus. The crystal structures of
three peptides containing Lac residues have been de-
termined. Peptides 1 (Boc–Val–Ala–Leu–Aib–Val–
Lac–Leu–Aib–Val–Ala–Leu–OMe; (Boc: tert-butyl-
oxycarbonyl; Aib: a-aminoisobutyric acid; OMe:
methyl ester) and 3 (Boc–Val–Ala–Leu–Aib–Val–
Ala–Leu–Val–Ala–Leu–Aib–Val–Lac–Leu–OMe)
were designed in order to examine the effects of
positioning of the hydroxy acid in the center of a
helical sequence and toward the C-terminal end. Pep-
tide 2 (Boc–Val–Ala–Leu–Aib–Val–Lac–Leu–Aib–
Val–Leu–OMe), which was serendipitously obtained
as a deletion sequence during synthesis, also yielded a
crystal structure providing a second example of a
hydroxy acid in the center of helical segment. The
choice of peptide sequences was based on the well
established tendency of the Aib residue to promote
helix formation and enhance crystallinity in apolar
sequences.33–38 The robustness of 310/a-helical struc-
tures in heteromeric sequences containing Aib con-
tents of 15–30% in variable positions has been exten-
sively demonstrated by crystal structure analysis.33–35
EXPERIMENTAL
Peptide Synthesis
Peptides 1, 3, and 4 were synthesized by conventional
solution phase methods39 by using a fragment condensation
strategy. During the assembly of 1, peptide 2 was isolated as
a synthetic side product with a deletion of the C-terminal
Ala from 1. The Boc group was used for N-terminal pro-
tection, and the C-terminus was protected as a methyl
(OMe) or a benzyl ester (OBzl) functional group. Depro-
tections were performed using 98% formic acid or saponi-
fication for N- and C-terminus, respectively. The fragments
containing lactic acid were subjected to catalytic hydrog-
enolysis to remove the benzyl ester protection from the
C-terminus. Couplings were mediated by dicyclohexylcar-
bodiimide/1-hydroxybenzotriazole (DCC/HOBT), and in
the cases of coupling involving the hydoxy group of lactic
acid (for ester formation) DCC and dimethylaminopyridine
(DMAP) were employed.40 All the intermediates were char-
acterized by 1H NMR (80 MHz) and thin layer chromatog-
raphy (TLC) on silica gel and used without further purifi-
cation. The final peptides were purified by reverse phase,
medium pressure liquid chromatography (MPLC) (C18, 40-
60m) and by high performance liquid chromatography
(HPLC) on a reverse phase C18 column (5–10m, 7.8
3 250mm) using methanol–water gradients. The purified
peptides were analyzed by electrospray mass spectrometry
on a Hewlett-Packard HP-1100 LCMSD mass spectrometer
and were fully characterized by 500 MHz 1H NMR.
Boc–Val–Lac–OBzl
Boc–Val–OH (0.65 g, 3 mmol) was dissolved in dichlo-
romethane (DCM) (10 mL) and cooled in an ice bath with
stirring. Lac–OBzl (L-lactic acid was converted to its benzyl
ester with O-benzyl-N,N-dicyclohexyl isourea in refluxing
tetrahydrofuran41; 0.54 g, 3 mmol) was added dropwise,
followed by DCC (0.72 g, 3.5 mmol) and DMAP (0.15 g,
1.2 mmol). The reaction mixture was allowed to attain room
temperature and stirred for 12 h. DCM was evaporated in
vacuo. The residue was taken in ethyl acetate (10 mL) and
the precipitated dicyclohexylurea (DCU) was filtered. The
filtrate was washed with 1M sodium carbonate (3 3 20 mL)
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and brine (2 3 20 mL). The solution was dried over sodium
sulfate and evaporated in vacuo. Boc–Val–Lac–OBzl was
obtained as a light yellow gum (0.99 g, 2.6 mmol, 90%). 80
MHz 1H NMR (CDCl3, d ppm) 0.94 (6H, m, Val CgH3),
1.45 (9H, s, Boc CH3), 1.53 (3H, d, Lac CbH3), 2.25 (1H,
m, Val CbH), 4.30 (1H, m, Val CaH), 5.03 (1H, d, Val NH),
5.15 (m, 3H, OBzl–CH2/Lac CaH), 7.31 (5H, m, phenyl).
Boc–Val–Lac–OH
The amount of 0.95 g (2.5 mmol) of Boc–Val–Lac–OBzl
was dissolved in 15 mL methanol containing two drops of
glacial acetic acid. The amount of 0.15 g of 10% palladized
charcoal was added and the suspension was subjected to
hydrogenolysis. Twelve hours later palladized charcoal was
filtered and the filtrate was evaporated in vacuo to yield a
gum, which on standing yielded a white solid. (0.67 g, 2.3
mmol, 92%). 80 MHz 1H NMR: (CDCl3, d ppm) 0.95 (6H,
m, Val CgH3), 1.45 (9H, s, Boc CH3), 1.5 (3H, d, Lac
CbH3), 2.20 (1H, m, Val CbH), 4.25 (1H, m, Val CaH), 5.05
(1H, q, Lac CaH).
Boc–Leu–Aib–Val–Ala–Leu–OMe
To 1.65 g (4 m mol) of Boc–Val–Ala–Leu–OMe42 was
added 15 mL of 98% formic acid, and the removal of Boc
group was followed by TLC. After 10 h, formic acid was
evaporated. The residue was taken in water (15 mL) and the
solution was adjusted to pH ; 8 by addition of sodium
carbonate, and extracted with ethyl acetate (3 3 20 mL).
The extracts were pooled and dried over sodium sulfate and
concentrated in vacuum to ;3 mL of highly viscous gum
that yielded positive ninhydrin test. The tripeptide free base
solution was added to an ice-cooled solution of Boc–Leu–
Aib–OH43 (1.3 g, 4 mmol) in N,N-dimethylformamide
(DMF), followed by addition of 0.93 g (4.5 mmol) of DCC
and 0.61 g (4.5 mmol) HOBT. The reaction mixture was
stirred for 3 days at room temperature. fifteen milliliters of
ethylacetate was added to the reaction mixture and DCU
filtered off. The organic layer was washed with 1N HCl (3
3 20 mL), sodium carbonate (3 3 15 mL), and brine (2
3 20 mL). On subsequent drying over sodium sulfate and
evaporation in vacuo, a white solid (1.6 g, 63%) was ob-
tained, which was used directly for further chain elongation.
Boc–Val–Lac–Leu–Aib–Val–Ala–Leu–OMe
The amount of 1.2 g (2.0 mmol) of Boc–Leu–Aib–Val–
Ala–Leu–OMe was deprotected with 98% formic acid (8
mL) and worked up as reported above. This was coupled to
2 mmol (0.58 g) of Boc–Val–Lac–OH in DMF (5mL) using
DCC (0.45 g, 2.2 mmol ), HOBT (0.3 g, 2.2 mmol). After
3 days the reaction was worked up as described above to
yield 1.2 g of a white solid. The peptide was characterized
Table I Crystal Data and Structure Refinementa
Crystal 11-mer (1) 10-mer (2) 14-mer (3)
Empirical formula (C56H100N10O15)2 z 5H2O C53H95N9O14 C70H121N13O18
Formula weight 2386.92 1147.41 1432.80
Temperature °C 250 20 19
Crystal system Monoclinic Triclinic Triclinic
Space group P21 P1 P1
Z 4 1 1
Unit cell dimensions a 5 21.352 (4) Å a 5 9.8060 (10) Å a 5 11.9080 (10) Å
b 5 9.592 (3) Å b 5 11.348 (2) Å b 5 13.041 (2) Å
c 5 34.178 (7) Å c 5 15.468 (2) Å c 5 15.211 (2) Å
a 5 90° a 5 107.370 (10)° a 5 85.380 (10)°
b 5 93.250 (10)° b 5 100.170 (10)° b 5 85.960 (10)°
g 5 90° g 5 91.320 (10)° g 5 81.040 (10)°
Volume 6989 (3) Å3 1611.7 (4) Å3 2321.7 (5) Å3
Density (calculated) 1.134 mg/m3 1.182 mg/m3 1.025 mg/m3
Crystal size 1.4 3 0.28 3 0.15 mm 0.30 3 0.24 3 0.04 mm 0.44 3 0.30 3 0.11 mm
2umax 100° 116° 108°
Independent reflections 7775 (Rint 5 0.0066) 4723 (Rint 5 0.0000) 5512 (Rint 5 0.0161)
Data/restraints/parameters 7767/0/1494 4723/3/685 5509/3/930
Final R indices [I . 2
(I)]
R1 5 0.1004, wR2 5 0.2544 R1 5 0.0732, wR2 5 0.1796 R1 5 0.0799, wR2
5 0.1697
Largest diff. Peak and
hole 0.580 and 20.581 e Å23 0.213 and 20.217 e Å23 0.229 and 20.202 e Å23
a X-ray diffraction data were measured on a Siemens P4s four-circle diffractometer with an oriented graphite crystal monochromator and
CuKa radiation (l 5 1.54178 Å). Scan mode was u/2u and scan speed was constant 10 deg/min. A background measurement was made at
both ends of every scan, each for 50% of the total scan time, and three reflections chosen as standards were monitored after every 97
measurements.
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by electrospray mass spectrometry (MNaobs1 5 807.7; Mcalc
5 784.5) and used without purification for further chain
extension.
Boc–Val–Ala–Leu–Aib–Val–Lac–Leu–Aib–
Val–Ala–Leu–OMe (1)
The amount of 0.63 g (0.7 mmol) Boc–Val–Lac–Leu–Aib–
Val–Ala–Leu–OMe was subjected to deprotection by 98 %
formic acid (3 mL) and the isolated free base was added to
a precooled solution of Boc–Val–Ala–Leu–Aib–OH42 (0.38
g, 0.8 mmol) in 5 mL DMF, followed by 0.25 g (1.2 mmol)
DCC and 0.16 g (1.2 mmol) of HOBT. After 4 days the
reaction was worked up as described before. The final crude
peptide 1 was obtained as a solid. The peptide was purified
on a reverse phase C18 MPLC column (40–60m) using
methanol water gradients (60–95%). The peptide was fur-
ther purified by reverse phase HPLC C18 (10m, 7.8 3 250
mm) using a linear gradient of methanol water (65–95%).
The peptide was homogeneous as analyzed on a reverse
phase C18 (5 m) column. MNaobs1 5 1175.7; Mcalc 5 1152.7.
Assignments of 500 MHz 1H NMR are available.
Boc–Val–Ala–Leu–Aib–Val–Lac–Leu–Aib–
Val–Leu–OMe (2)
During the MPLC purification of 1, a peptide fraction was
collected which was shown to correspond to the sequence of
2. MNaobs1 5 1104.7; Mcalc 5 1081.7. The crystal structure
confirmed the constitution of the peptide.
Boc–Val–Lac–Leu–OMe
The amount of 0.43 g (1.5 mmol) of Boc–Val–Lac–OH in 5
mL DMF was cooled in an ice bath and H–Leu–OMe
[isolated from 0.55 g (3 mmol) of hydrochloride] was added
followed by 0.4 g (2 mmol) DCC and 0.27 g (2 mmol) of
HOBT. After stirring the reaction mixture for 2 days, the
workup was done as described above. The compound was
isolated as white solid (0.54 g, 1.3 mmol). 80 MHz 1H NMR
(CDCl3, d ppm) 0.95 (12H, m, Val CgH3/Leu CdH3), 1.45
(9H.s, Boc CH3), 1.50 (3H, d, Lac CbH3), 1.54 (3H, m, Leu
CbH2, CgH), 2.25 (1H, m, Val CbH), 3.65 (3H, s, OCH3 ),
4.10 (1H, m, Val CaH), 4.50 (1H, m, Leu CaH), 4.80 (1H,
d, Val NH) 5.15 (1H, q, Lac CaH), 6.60 (1H, d, Leu NH).
Boc–Val–Ala–Leu–Aib–Val–Lac–Leu–OMe
The amount of 0.54 g (1.3 mmol) of Boc–Val–Lac–Leu–
OMe was deprotected using 5 mL of 98% formic acid and
the free base, isolated as described above, was added to a
precooled solution of 0.97 g (2 mmol) of Boc–Val–Ala–
Leu–Aib–OH22 in 5 mL DMF followed by 0.41 g (2 mmol)
of DCC and 0.27 g (2 mmol) of HOBT. After 3 days the
solution was worked up in the standard manner. The crude
peptide was subjected to MPLC on a reverse phase C18
FIGURE 1 Stereodiagram of the structure of Boc–Val–Ala–Leu–Aib–Val–Lac–Leu–Aib–Val–
Ala–Leu–OMe (1). Note the ester O at O6l. (Only one molecule of the two independent molecules
is shown.)
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(40–60 m) column using methanol–water gradient The
MPLC purified peptide was characterized by electrospray
mass spectrometry (MNaobs1 5 807.8; Mcalc 5 784.5) and
was used directly for further chain elongation.
Boc–Val–Ala–Leu–Aib–Val–Ala–Leu–Val–
Ala–Leu–Aib–Val–Lac–Leu–OMe (3)
The amount of 0.23 g (0.3 mmol) of Boc–Val–Ala–Leu–
Aib–Val–Ala–Leu–OH42 was dissolved in 2 mL of DMF
and the solution was cooled in an ice bath. To this solution
a concentrated ethyl acetate solution of H–Val–Ala–Leu–
Aib–Val–Lac–Leu–OMe, isolated from 0.15 g (0.2 mmol)
of Boc–Val–Ala–Leu–Aib–Val–Lac–Leu–OMe upon depro-
tection with 2 mL of 98% formic acid, was added and the
reaction was stirred for 4 days. The crude peptide isolated
from this reaction mixture was purified by MPLC, followed
by HPLC. The purified peptide was adjudged homogeneous
on an analytical reverse phase C18 column (5m). MNaobs1 5
1458.5; Mcalc 5 1435.9. 500 MHz 1H NMR spectroscopy.
Boc–Val–Ala–Leu–Aib–Val–Ala–Leu–Aib–
Val–Ala–Leu–OMe (4)
This sequence is the Ala(6) analogue of peptide 1, contain-
ing a normal peptide backbone. The peptide was synthe-
sized by standard solution procedures and purified as de-
scribed in the case of 1 and fully characterized by electro-
spray mass spectrometry (MNa1obs 5 1174.8 Mcalc
5 1151.7) and by 500 MHz 1H NMR spectroscopy.
X-Ray Crystallography
Crystals were grown by slow evaporation of solutions of the
peptides in an organic solvent; 1 (11-residue peptide) from
propanediol/water, 2 (10-residue peptide) from methanol/
water, and 3 (14-residues) from methanol/dioxane/water.
The peptide 1 cocrystallized with 5 water molecules. The
crystals for 1 were very fragile and had to be stabilized by
cooling to 250°C for x-ray data collection. Very fragile
crystals of 1 were also obtained from isopropanol/dimeth-
ylsulfoxide solution. These crystals did not yield sufficient
number of x-ray reflections to determine the structure. The
monoclinic unit cell had different dimensions than those
obtained for the peptide 1 presented in this paper. Pertinent
diffraction data are listed in Table I.
All the structures were solved by vector search proce-
dures44 using as model a portion of the Val–Ala–Leu–Aib–
Val–Ala–Leu sequence in known peptide structures, fol-
lowed by partial structure expansion with the tangent for-
mula.45 Full-matrix anisotropic least squares using F2
values were performed on the C, N, and O atoms. In the
final cycles, H atoms were added in idealized positions and
allowed to ride with the C or N atoms to which each was
bonded. Cocrystallized solvent molecules occur in 1 and 3
crystals while there were none in 2. Fractional coordinates
for the C, N, and O atoms for the peptides 1–3 are deposited
in the Cambridge Crystallographic Data Centre.
FIGURE 2 Stereodiagram of the structure of Boc–Val–Ala–Leu–Aib–Val–Lac–Leu–Aib–Val–
Leu–OMe (2). Note the ester O at O6l.
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NMR Spectroscopy
NMR studies were carried out on a Bruker DRX-500 spec-
trometer. All two-dimensional (2D) experiments were done
in the phase sensitive mode using time proportional phase
incrementation. Double quantum filtered correlated spec-
troscopy (DQF-COSY),46 total correlated spectroscopy
(TOCSY),47 and rotating frame nuclear Overhauser effect
spectroscopy (ROESY)48,49 experiments were performed
collecting 1K data points in f2 and 512 data points in f1
using a spectral width of 5500 Hz. Data were processed on
a Silicon Graphics Indy work station using Bruker XWIN
NMR software. Typically, a sine squared window function,
phase shifted by p/2 radians, was applied in both the di-
mensions. Data in f1 was zero-filled to 1K points. A spin
lock mixing time of 300 ms was used in ROESY experi-
ments and a 70 ms mixing time was used for TOCSY
experiments. The sample concentration was ;3 mM and the
probe temperature was maintained at 300 K.
Circular Dichroism
CD spectra were recorded on a JASCO J-715 spectropola-
rimeter. The instrument was calibrated with d(1)-10-cam-
phorsulphonic acid. The path length used was 1 mm. The
data were acquired in the wavelength scan mode, using 1
nm band width with a step size of 0.2 nm. Typically, 8 scans
were acquired from 260 to 195 nm using 50 nm/min scan
speed. The resulting data were baseline corrected and
smoothened. The peptide concentrations were ; 0.1 mg/
mL.
RESULTS AND DISCUSSION
Molecular Conformations in Crystals of
Peptides 1 And 2
Figures 1 and 2 show the stereo diagrams of the
crystallographically determined structures of the 11-
residue peptide 1 and the 10-residue peptide 2. Pep-
tide 1 crystallized with two independent molecules in
the asymmetric unit that have very closely related
backbone conformations. Consequently, the molecu-
lar conformation of only one of the crystallographi-
cally independent molecules is shown in Figure 1.
Tables II and III summarize the backbone torsion
angles and the observed hydrogen bonds in these
peptides. The two independent molecules in the struc-
tures of peptide 1 and peptide 2 adopt mixed 310/a-
helical conformations. The backbone torsion angles
for residues 1–10 lie in the right handed region of f,c
space (260° 6 30°,230° 6 30°). Most notably, the
Lac residue in the three determined peptide helices
adopts f,c values very close to that expected for ideal
helical structures [1A (264°, 242°): 1B (260°,
240°): 2 (269°, 236°)]. A comparison of the three
peptide helices reveals small differences in the pattern
of hydrogen bonds towards the C-terminus. For ex-
ample, the N9 z z z O5 hydrogen bond is not observed
in molecule 1A and 2 (Table III).
Interestingly, the Lac residue resides comfortably
in the center of the helix with the ester oxygen, O6Lac
(O6l), nestling very close to the atom O3 of the
Leu(3) CO group. The O6Lac z z z O3 distance in all
the three examples lies between 3.14 and 3.21 Å,
Table II Backbone Torsion Anglesa (deg) in the
Depsipeptides 1 and 2b
1 A 1 Bc 2
Boc c 2166 2170 2173
v 1180 2170 2169
Val1 f 263 263 262
c 218 225 231
v 1175 1180 2178
Ala2 f 252 251 264
c 231 235 215
v 1179 2179 1174
Leu3 f 258 260 258
c 227 219 227
v 1178 1174 1178
Aib4 f 253 249 255
c 239 242 241
v 2173 2172 2176
Val5 f 279 274 264
c 235 240 244
v 1175 1179 2176
Lac6 f 264 260 269
c 242 244 236
v 1177 1179 2179
Leu7 f 259 264 278
c 245 245 236
v 2172 2176 2164
Aib8 f 252 259 260
c 244 237 235
v 2174 2177 2171
Val9 f 262 272 287
c 224 247 25
v 1178 2174 2179
Ala10 f 288 276
Leu10
274
c 29 239 1158
v 2175 2169 2179
Leu11 f 2108 2117
c 227 125
v 2173 2178
a Torsion angles for rotations about the bonds in the backbone
as described in IUPAC-IUB Commission on Biochemical Nomen-
clature Biochemistry, 1970, Vol. 9, pp. 3471–3479.
b Peptide 2 differs from peptide 1 by omission of Ala10 from
the 1.
c Two independent molecules in asymmetric unit of cell.
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values remarkably similar to those obtained for N z z z
O distances involved in hydrogen bonds in normal
peptide helices. The 13-residue peptide 5, Boc–Aib-
(Val–Ala–Leu–Aib)3–OMe, and 16-residue peptide 6,
Boc–(Val–Ala–Leu–Aib)4–OMe, have very similar
sequences to 1–3 except that all residues are amino
acids (Table III). It is curious that in peptide 5, the
N6 z z z O3 distance has lengthened to 3.488 Å, a value
considerably larger than found in any of the other
peptides.
Helix Assembly in Crystals
The helices in peptides 1 and 2 assemble into long
columns held together by head-to-tail hydrogen bonds
between free NH and CO groups at the N- and C-
termini of helices, respectively. In peptide 2 there are
two distinct NH z z z O hydrogen bonds (N1 z z z O9,
N2 z z z O8) between adjacent helices in a column. The
helices pack in a parallel fashion in the crystal, an
inevitable requirement of the triclinic space group
Table III Comparison of Hydrogen Bonds in Depsipeptides 1 and 2 with Normal Peptides 5 and 6
Type Donor Acceptor
N . . . O, Å
11-mer
Donor Acceptor
N . . . O, Å
10-mer 2
N . . . O, Å
13-mer 5b
N . . . O, Å
16-mer 6c1 A 1 Ba
Head-to-tail N1 O30d 2.933 N1 O9 3.149
N21 O10e 2.897
N2 W2f 2.993 N2 O8 3.274
N22 W1f 3.123
431 N3 O0 3.144 3.031 N3 O0 2.974 2.848 3.078
N4 O1 2.897 2.881 N4 O1 3.044 2.905 2.973
N5 O2 2.985 3.058 N5 O2 2.974 3.210 3.296
[06L O3 3.209 3.152]g [O6L O3 3.138]g 3.488h 3.047i
531 N7 O3 2.972 3.052 N7 O3 3.009 3.050 2.931
N8 O4 3.005 2.971 N8 O4 2.979 2.958 3.197
N9 O5 j 3.086 N9 O5 (3.82)k 3.200 3.113
431 N10 O7 2.909 N10 O7 3.154 3.064l 2.999m
531 N30 O26 3.118
431 N11 O8 3.112
531 N31 O27 2.840
Water W1 O9n 2.957
W1 O11o 2.874
W2 O30p 2.950
W2 W3 2.873
W3 O29p 2.655
W3 W4 2.581
W4 O29 2.704
W4 W5q 2.878
W5 O28 3.069
a Atom labels in 1B have 20 added to labels of equivalent atoms in 1A.
b Boc–Aib(Val–Ala–Leu–Aib)3–OMe (Ref. 67), a normal 13-residue peptide for comparison with depsipeptide.
c Boc–(Val–Ala–Leu–Aib)4OMe (Ref. 68) a normal 16-residue peptide for comparison.
d 2x, 1
2
1 y, 2z.
e 21 1 x, 21/ 2 1 y, 1 2 z.
f 21 1 x, y, z.
g Not a hydrogen bond. Value represents distance between ester O and carbonyl O.
h N6 . . . O3 distance at transition between 431 and 531 hydrogen bonding. Both N6 and N7 are donors to O3.
i N6 . . . O2 distance at transition between 431 and 531 hydrogen bonding. Both N5 and N6 are donors to O2.
j No near acceptor atom.
k O5 is at too long a distance to be an acceptor atom.
l N10 . . . O6 distance at reverse transition between 531 and 431 hydrogen bonds.
m N10 . . . O6 distance. There is no transition to 431 type hydrogen bonds.
n 2x, 21/ 2 1 y, 1 2 z.
o 2x, 23/ 2 1 y, 1 2 z.
p 1 2 x, 1
2
1 y, 2 z.
q 1 2 x, 21/ 2 1 y, 2 z.
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(figure not shown). This mode of arrangement of
cylindrical peptide molecules has been observed in
several cases.33,34,50
The assembly and connections between the head
and tail of peptide 1 are more complex. The two
independent molecules alternate in a stack. The
stacks assemble in an antiparallel motif. There is
only one NH z z z O hydrogen bond between each
pair of molecules, N(1) z z z O(30) at one head-to-
tail junction and N(21 z z z O(10) at the other
head-to-tail junction. Water molecules serve as ad-
ditional bridges at the head-to-tail junctions, with
as many as five molecules present in the crystal.
The hydrogen-bonding scheme involving four in-
dependent water molecules at one of the head-to-
tail regions is shown in Figure 3.
FIGURE 3 A portion of three helices and the water
structure in one of the head-to-tail regions of the crystal of
peptide 1. Shown are one direct N(1)H z z z O(30) bond and
hydrogen bonds from four water molecules that bridge CO
and NH groups from different helices.
FIGURE 4 Stereodiagram of molecular conformation of the 14-residue peptide Boc–Val–Ala–
Leu–Aib–Val–Ala–Leu–Val–Ala–Leu–Aib–Val–Lac–Leu–OMe (3).
Table IV Backbone Torsional Angles (deg)
in Peptide 3
Boc c 2172
v 2173
Val1 f 256 Val8 271
c 237 244
v 2177 180
Ala2 f 255 Ala9 258
c 234 240
v 180 2173
Leu3 f 274 Leu10 289
c 243 14
v 1174 2177
Aib4 f 255 Aib11 156
c 246 136
v 2177 1167
Val5 f 263 Val12 2108
c 247 151
v 2178 1177
Ala6 f 260 Lac13 2155
c 247 1147
v 2176 1174
Leu7 f 265 Leu14 2139
c 239 247
v 1179 2176
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Molecular Conformation of 3
Figure 4 shows a stereo view of the molecular struc-
ture of 3 in crystals. The Lac residue was positioned
at the C-terminus, residue 13, in order to promote
helix termination as part of a strategy to construct
helix–loop–helix motifs.51,52 The crystal structure re-
veals that this expectation has indeed been realized
with the four C-terminal residues Aib(11)–Leu(14)
adopting backbone torsion angles, which lie well
away from the right-handed helical region of f,c
space. Backbone torsion angles and hydrogen bonds
are summarized in Tables IV and V. Residues 1–10
adopt a helical conformation largely stabilized by 53
1 (a) hydrogen bonds, although the N-terminus is
stabilized by 4 3 1 (310) hydrogen bonds. Aib (11)
adopts a left-handed helical (aL) conformation with
positive f,c values. This results in the termination of
the helix formed by residues 1–10 with formation of
a Schellman motif,53–55 stabilized by a 63 1 hydro-
gen bond between Val(12) NH and Leu(7) CO
groups. The helix termination motif also contains a
second 4 3 1 hydrogen bond between Aib (11) NH
and Val(8) CO groups (Table V), a feature often
found to accompany the 63 1 hydrogen bond in the
Schellman motif. The view in Figure 5 is directed
down the axis of the helix and clearly illustrates the
extension of the C-terminus away from the helix axis.
Analysis of helix termination signals in protein struc-
tures56 reveals that Pro, the only residue that lacks an
NH group for internal hydrogen bonding, is most
often found at the “T12” position, where “T” is
defined as the C-terminus residue that acts as the helix
breaker by adopting f,c values in either the aL (left-
handed helical) or E (extended) region of Ramachan-
dran space.57 Interestingly, in peptide 3 the Lac 13
residue, which does not possess an NH group, occurs
at the “T12” position, with Aib(11) serving as the site
of chiral reversal. The stereochemistry of the Schell-
man motif observed in peptide 3 is very close to that
determined in a large number of crystalline pep-
tides.58–62 In most cases, the N z z z O distance for the
63 1 hydrogen bond is significantly shorter than that
for the 4 3 1 hydrogen bond. The residue preceding
the site of chiral reversal is also invariably found in
the “bridge region” of the Ramachandran map, with f
values ; 280° to ; 2100° and c 5 220° to
120°.59,61
Molecular Packing in the Crystal
Despite the L-shaped extension at the end of the
helical part of the backbone, the molecules of 3 still
pack in a modified head-to-tail motif to form infinite
columns of helices, as shown in Figure 6. For any one
peptide molecule the extension of the L shape pro-
vides a N14 z z z O9a hydrogen bond with the
molecule to the side and a pair of hydrogen bonds,
N1b z z z O13 and N2b z z z O11 to the molecule below,
creating a sheet of nestled L-shaped molecules. In
space group P1, molecules repeat only by translation
along each of the three axes of the cell. Hence the
helix axes are all directed in the same direction, with
consequent parallel packing. Figure 7, a view perpen-
dicular to the one shown in Figure 6, illustrates hy-
drophobic channels that exist between the sheets of
peptides. The channels are bounded by the t-Bu
group, Ala9 side chain, and Leu10 side chain from
three different molecules, and contain disordered sol-
vent consisting of dioxane and possibly methanol
molecules. The disorder has not been deciphered. It
may be noted that hydrophobic channels containing
FIGURE 5 View down the helix of FIGURE 4.
Table V Hydrogen Bonds in 3
Type Donor Acceptor N . . . O, Å
Head-to-tail N1 O13a 2.924
N2 O11a 2.876
431 N3 O0 3.020
N4 O1 3.166b
531 N5 O1 2.949
N6 O2 2.987
N7 O3 3.079
N8 O4 3.077
N9 O5 2.799
N10 O6 3.225
Helix reversal
431 N11 O8 3.119
631 N12 O7 2.969
Neighbor N14 O9c 2.870
a At x, 21 1 y, 1 1 1 z.
b Very long H . . . O (2.68 Å).
c At 1 1 x, y, z.
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disordered solvent molecules have been observed in
the crystal structures of cyclic and acyclic apolar
peptides.63,64
Solution Conformations of Peptide 1
The observation that peptides 1 and 2 adopt helical
conformations accommodating the ester unit in the
central segment prompted us to investigate whether
the observed structure was a consequence of the facile
packing of cylindrical peptides into single crystals.
Solution NMR and CD studies were therefore under-
taken for peptide 1 and the corresponding L-Ala(6)
analogue (the all amide analogue), Boc–Val–Ala–
Leu–Aib–Val–Ala–Leu–Aib–Val–Ala–Leu–OMe, 4.
Figure 8 shows the comparison of CD spectra for
peptides 1 and 4 in 2,2,2-trifluoroethanol (TFE). Very
similar spectra were also obtained in methanol (data
not shown). Peptide 4 exhibits the canonical spectrum
expected for a peptide helix consisting of about 3–4
helical turns; the exciton split p–p * transition (190
nm and 205 nm) and the broad n–p* band (220 nm)
are characteristic helical features.65 The Lac contain-
ing peptide 1 exhibits very similar spectral features,
although the band intensities are somewhat dimin-
ished.
Proton NMR studies at 500 MHz of peptide 4 (the
all amide analogue of 1) in deuterated dimethyl sul-
foxide (DMSO-d6) solution permitted complete as-
signment of all resonances. Sequential NiH7 Ni11H
NOEs could be traced over the entire length of the
peptide, confirming a continuous helical conformation
FIGURE 6 Stereodiagram of four neighboring molecules of 3 forming a sheet structure by
head-to-tail hydrogen bonds.
FIGURE 7 Stereodiagram of a hydrophobic channel formed by three molecules of 3. The channel
is formed between the sheets. A possible solvent molecule is shown.
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(data not shown). In deuterated choloroform (CDCl3)
solution there was considerable spectral overlap of
NH resonances.
The 500 MHz 1H NMR spectrum of peptide 1 in
CDCl3 was extremely well resolved, facilitating un-
ambiguous assignments of all the backbone and side-
chain protons using a combination of DQF-COSY and
ROESY experiments. Figure 9 and 10 show partial
ROESY spectra illustrating backbone NiH 7 Ni11H
(dNN) and CiaH7 NiH NOEs in peptide 1. Sequential
dNN connectivities characteristic of a helical confor-
mation can be traced for the segments 1–5 and 7–11
(Figure 9). Helical structures in peptide sequences
give rise to characteristic medium-range NOEs be-
tween the CaH of residue i and NH of residues i12/
i13/i14. Intense daN (i, i13) NOEs are diagnostic of
both 310 - and a-helical conformations in peptide
sequences.66 From Figure 10 it is clear that several
short CiaH 7 NjH j 5 2–4) are observed providing
firm evidence in favor of helical f,c values through-
out the sequence of 1. Most notably, the boxed NOEs
in Figure 10 indicate the NOEs diagnostic of helical
conformations for the 3–9 segment, which contains
FIGURE 8 Far-uv CD spectra of peptide 1, Boc–Val–
Ala–Leu–Aib–Val–Lac–Leu–Aib–Val–Ala–Leu–OMe and
its all-amide analogue 4 (Boc–Val–Ala–Leu–Aib–Val–Ala–
Leu–Aib–Val–Ala–Leu–OMe) in TFE (300 K).
FIGURE 9 Partial 500 MHz 1H ROESY spectrum of 1 (Boc–Val–Ala–Leu–Aib–Val–Lac–Leu–
Aib–Val–Ala–Leu–OMe) in CDCl3 illustrating NiH 7 Ni11H NOEs. Cross peaks are marked by
residue numbers. In the projected 1D spectrum on top of the 2D figure, one letter codes for amino
acids have been used (A 5 Ala, L 5 Leu, V 5 Val, U 5 Aib).
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the Lac residue (at position 6). The observation of
these NOEs suggests a major population of solution
conformations that closely resemble that observed in
the crystal, accommodating the Lac residue at a cen-
tral position in the helix.
Two NOEs observed in Figure 10, NH (1)7 CaH
(10) and NH (2) 7 CaH (10) may be assigned to
intermolecular interactions arising from head to tail
aggregation of cylindrical, helical structures. Such
modes of helix association have been postulated in
solution69 and extensively observed in solid state.50
CONCLUSIONS
The results presented in this paper provide definitive
structural evidence that a-hydroxy acids can be ac-
commodated at central positions in peptide helices.
The integrity of the helical conformations remains
intact despite the abolition of a single intramolecular
CO z z z NH hydrogen bond. The observation that the
ester O in the lactic acid residue resides comfortably
in proximity to a CO group with an O z z z O distance
of ;3.1 Å is intriguing. The possibility that specific
electronic effects stabilize such an orientation merits
further investigation. The influence of critical back-
bone hydrogen bonds on structure and function in
peptides and proteins has been probed using amide to
ester replacements. In the case of Eglin C, the C-
terminus Gly residue has been replaced by a-hydroxy
acetamide resulting in a destabilization of about 2.7
Kcal mol21.70 In a recent study, the Val(1)–Gly(2)
peptide bond in gramicidin A has been replaced by an
ester linkage, a substitution anticipated to perturb a
key intermolecular hydrogen bond involved in dimer
formation. The substitution has little effect on dimer
stability, but profoundly effects channel lifetimes and
stability.71
Incisive analyses of the hydrogen bond contribu-
tion in a-helices in proteins using unnatural amino
acid mutagenesis to insert a-hydroxyacids have sug-
gested that substitution of amide groups by an ester
FIGURE 10 Partial 500 MHz 1H ROESY spectrum of 1 (Boc–Val–Ala–Leu–Aib–Val–Lac–Leu–
Aib–Val–Ala–Leu–OMe) in CDCl3 showing CaH7 NH NOEs. NOEs between groups from the N-
and C-terminal sides of Lac(6) are highlighted by boxes enclosing them. Residue numbers are used
to annotate the cross peaks.
Effects of Hydrogen-Bond Deletion on Peptide Helices 287
results in a destabilization of 0.7–1 kcal mol21, when
only one hydrogen bond is perturbed.30 Somewhat
greater destabilization (1.5–2.5 kcal mol-1) is ob-
served in internal b-sheets.29 Schultz and co-workers
have suggested that decreased energetic contribution
of hydrogen bonds in helices as compared to those in
b-sheets “may be a result of increased solvent acces-
sibility to backbone or electrostatic effects associated
with the backbone.” 30 It is pertinent to note that
replacement of an amide NH by an ester O in the
center of an a-helix can be compensated by a small
conformational adjustment to a 310/a-helical structure
in the vicinity of the “mutated residue.” Such a tran-
sition between 43 1 and 53 1 backbone hydrogen
bonds is indeed observed in both crystallographically
independent molecules peptide 1 and peptide 2 cen-
tered around position 6, which is the site of lactic acid
insertion (Table III). A comparison of the 43 1 to 5
3 1 transition in the depsipeptide 1 and the 16-mer
normal peptide is shown in Figure 11. This type of
structural adjustment would result in a very small
energy penalty when Lac residues are introduced into
helices.
After this paper was submitted to Biopolymers, the
structure of the depsipeptide Boc–(Leu–Leu–Ala)2–
(Leu–Leu–Lac)3–OEt was published in Biopoly-
mers.72 This molecule also forms a mixed 310/a-helix
with small distortions at Lac9 in the middle of the
sequence.
In the 14-residue peptide the location of the Lac
residue at position 13 results in a structure that reveals
helix termination at position 11, which is occupied by
the achiral Aib residue. It is noteworthy that a con-
tinuous helix has been demonstrated in the crystals of
a related 15-residue peptide, Boc–Val–Ala–Leu–Aib–
Val–Ala–Leu–Val–Ala–Leu–Aib–Val–Ala–Leu–
Aib–OMe.68 It would appear that the propensity of
Aib11 to switch helical sense and nucleate the termi-
nating Schellman motif is determined by the loss of
hydrogen bonding potential at the C-terminus, pre-
sumably as a consequence of the location of the Lac
residue. It is notable that formation of the Schellman
motif provides a strong 6 3 1 hydrogen bond, a
feature that may be energetically advantageous when
the chain of continuous helical hydrogen bonds is
interrupted by the Lac residue. The present studies
provide a clear high resolution glimpse of the effects
of a-hydroxy acid substitution in peptide helices.
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